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POLOIDAL FIELD SYSTEM DESIGN FOR THE ZT-40U
REVERSED FIELD PINCH EXPERIMENT

Kurt F. Schoenberg, Robert F, Gribble, Theodore W, Linton and William R. Reass

Los Alamos National Laboratory
Los Alamos, Mew Mexico 87545

Introduction
The poloidal field system in a reversed field
pinch (RFP) provides two {important functions. It
induces the toroidal electric field that drives the

plasma current over the duration of the discharge, and
it provides the magnetic boundary conditions necessary
for plasma eaviltbrium. In ZT-40U, this functional
dichotomy is achieved by using two separate systems of

coils., The equilibrium winding, which providee the
ve-tical field and field index necessary for plasma
equilibrium, and the magnetizing winding, which

provides the flux swin_  and magnetic energy necessary
to set up and maintain the discharge. A croses-
sectional drawing and flux plot of the poloidal field
system is shown in Fig. 1.
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Fig. 1. A cross-sectional drawing and flux plot of the
2T=40U poloidal field system,

The main motivation oehind the two colil
renides in the abjlity to {inductively decouple the
magnet{z4ag and equilibrium windirgs. In principle,
the deroupling greatly eimplifies plasma equilibrium

aystem

control  since the equilibrium winding current and
corresponding equllibrium vertical tield are
indurtively driven by the planma, and  hence

proportional to the plasma current, Corrections to toe
vertical field for fine tuning of the plasma
equilibrium may then  he accomplished by using modent
trimning wsupplien, Thus, the experimental control of
planma  current and plasma  equilibrium are weparable
fuanctionn, Physically,the  dacoupling requiren all
magnetizing flux to completely link the equilibrium
windings and plawma, That s, all magnetiziog flux in

apet tully  confined outwide the equilibrium winding
capge.  This conatralnt alre fusures the mtninization ol
atray magretic fields {n the plauma region.

Polotdal  tleld wywtem design tn  predicated on

plamaea/dicharge perinrmance, However, the design munt
alno  wddrean Lo tury and mechanfeal conmtrainta such
an  snergy tramufer efficleucy, fabricabllity and
acveriibiitty after assembly, The interaction of these
conmfderations comprises the denign philomphy,

Equiltibrium Spectticat fon
tn 2T-40U, the plasma te contained {naide n

metallte vacuum  vemmel, that {u nested within a
conductfog mhell,  The ahell Ancorporates both &

toroidal and poloidal gap to allow flux to penetrate
the shell. For times less than T, the characteristic
shell diffusion time, the shell stabilizes the plasma
against MHD instabilities and holds the plesma in
equilibrium via a distribution of induced current on
the inner shell surface. For times much greater than
1, the equilibrium windinge wmust provide the full
equilibrium vertical field necessary to balance the
hoop stress of the dfscharge column. 1In the interim,
where the discharge tim» is comparable to 1, 1t {8
still necessary to provide a proper internal-external
field match in order to minimize ehell currents that
can produce non-negligible field perturbations in the
vicinity of shell ports and RapSE. Hence, the
equilivrium winding system must be able “o track the
plasma’s state and provide a proper equilibrium on a
time scale leus than 1.

An  analytic de-cription of equilibrium field
distributions applicable to a wiie range of
experimental configurations was initially proposed by
Shafranov,!+2 The description employed the
macroscopic equations of pressure balance for
axisymsetric toroidal systems and resulted in, for
large aspect ratios, the vertical magnetic field
required for equilibrium. Although, 1in general, the
equilibrium vertical field is a function of {nternal
plasma parameters, the Shafranov results are

insensitive to internal plasma structure and hence
depend only on the macroscopic character. c¢ics of the
plasma column.

For a toroidal plasma discharge of major radius P
and minor plaswa radius a’, which denoter the i{nuermust
flux surface enclosing the total plasma current, the
equilibrium vertical field for <<l 18 approximately
given byl
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)
Bo(a) = oot (5)

<p> denotes plasma pressure averaged over the plasma
cross section; P(a) denotes pregsure at the vacuum
vessel wall; I, represents the toroidnl plasma current;
B is the pofoidll magnetic field; Ly 18 the internal
inductance; r, the integration variable, 1s the minor
radial coordinate; and £, the inverse toroidal aspect
ratio, is equal to the ratio of minor to wmajor radius
of the shell.

In addition to providing equilibrium, stabiiity,
and radial positioning in the horizontal oplane, the
vertical field should also provide stability relative
to displacement along the toroidal axis of symmetry
(up-down drift). This constraint requires a vertical
field-cu~vature such tho. discharge column
displacements from the equatorial plane are countered
by a radial component of the f.ield that forces the
column back to {its 1initial position. The degreec of
field curvature may be quantified by the field index:

R 1
ne -, (6)
B, 9K

For 0 ¢ n < 1,5, the condition for vertical &and
horizontal stability is theoretically satisfied.

The Shafranov formulae have been checked for the
case of an RFP plasma inside a conducting shell over &
wice ronge of plasma conditione.? In addition, Eq. !}
har been checked for wseveral RFP  configuratious
specific to th: 2T=40U design where the plaaua
equilibrium {8 toutally supported by the equilibrium
windings. In both cases, the checks were performcd by
an ax!spyumetric, numerical Grad-Shafranov eolver, and
in  both cases, the Shafranov formulae were accurate to
within 5% of their numerical counterparts. Thus,
Eqs. (1) through (6) provide a reasonable design
specification for the ZT-40U equilibriur field control.

The Equiltbrium Windlng  (Kquiltbrium Control;

The equilibrium winding in reasponsible for
malntaining plasma equilibrium over the duration of the
discharge, The  equilibrium wind!ng must therefore
provide a  time varying vertical fleld and field index
that tracks the plasma equilibrium {Kg. 1], In
addition, the equilibriue windiog wust aleo watisfy
design constraintu tos

1) Maximize phywical access to the torus for
maintenance, vacuum pumping, and plasma
diagnukt fen,

2) Mintuwlze the applied power necearacy to control

the equilibrium field,

1) Mintmire axinymmetric flela errors fn the
dimcharge chamher. The deviation of a plasma !lux
smirface  (6y) due to axisysmetric errors should
remain leun than 4% of the minor turoidal radius
tn order to mintmtze the fntersmection of an outer

plawma ! lux  wurface with the diacharge vacuum
venael,
A Cromn nectional  diagram of the resulting

equilibrium  cotl
winding

wyntem 1w mhown in ¥ig. 2. The
conmintn of efght discrete colla that are oach
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Fig. 2. Equilibrium winding vacuum vertical field rfor
three field indicies, (n = 0,2, 0.5, 0.8 [from left
to right)).

composed of multiple turns and acre symmetric about the
equatorial plane.

As previously noted, most of the equilibrium
vertical rield is inductively driven by the plasma.
However, because the EF coll-liner spacing i{s large,
this induced current provides only 70X of the required
equilibrium field during the 20 mser plasma current
rise. As a result, the EF coils are configured to
boost the induced current by utilizing the magnetizing
flux. In this way, the power required to track plasma
equilibrium during the current rise and flat toup
regl..ec of nperation is maintained at a rersonable
level.

Figure 2 1llustrates the v-.cuum vertical field
produced by the aquilibriuw winding for three different
field dindicies. In all cases, the field and fileld
cutrvature are relatively constant over the discharge
volume.

The Magnetizing Winding ~ (Discharge Driver)

The wmagnetizing (M) winding {s responsible for
driving the oplasma discharge. Therefore, it must
aupply bdoth the flux ewing and stored magnetic energy
recessary for initisting and sustaining the discharge
current. Operationally, this i accomplished by
precharging the M winding vian 2 power supply, and then
discharging the winding across a trainsfer resistor.
Ths changing magnetizing flux due to discharging
induces the toroidal plasma voltay. that driver the
discharge current.

The amount of M-winding flux awing available for
driving the diacharge in critical, since {t ultimately
determines machine performance from the atund point of
current magnitude and duratton. The required poloidal
flex input for a 2 MA Jdischarge way be estimated by
scaling flux consumation measurementn from the JT=40M
experimert., Recent meamurements project hetween a 9.2
and 1'.0 voli-second consumption for risetimen betwoen
10 and 20 mk, respectively." Thene profections
probably represent conmservative estimaten.

A crose sectional diagram of the M coll svatem {x
fllumtiated fn Fig. 1. The M windi i, cousiste of 16
dtacrcte colle that ave each composed of multiple tur «
(160 total) and are aymmetric about the equatoria,
plane. The winding configurstion tnenrporater dewign
constrainta to:

Y. Maximire phymical accenn (o the torum,



2., Maximize electrical transfer
the M-winding and the plasma.

efficiency between

3. Minimize axisymetric
due to flux leakage.

field errors in the plasma

Simple numerical programs using e.iliptic integrals ware
composed to calculate fields, flux gurfaces,
inductances and coll forces The input parameter file
format for these programs were identical so that the
files could be passed between mechanical, circuit, and
magnetics designers in an iterative process. A program
wag also written to calculate coil positions for
minioum magnetic field magnitude within the liner under
specified constraints. After several sets of
iterations, in which the energy transfer efficiency was
calculated using the SCEPTRE circuit code ai . a coupled
RFP 0-D model”’, a transfer efficiency of 12X was
obtained, The final agnetizing winding design
preduces a hexapole null 2t the miror axie and 130
gauss vertical field at the plasma liner for 35 kG on
the major aris at the midplane. This error meets the
4% flux surface deviation criterion. When fully
excited (5.4 MA turns), the winding stores 86 MJ and
15.8 V-sec (Wb). Figure ] shows a flux plot for full
current operativn,

Numerical Poloidal Field System analysis

The poloidal field system must provide equilibrium
over two distinct time frames. For times short
compared to the characteristic diffusion time of the
shell, equilibrium i8 provided by shell currents, In
addition, the sghell shields the plasma from
axivymmetric errors and field ripple generated by the
discrete external field windings. Hence, the
equilibrium magnetic flux surfaces have approximately
nonconcentric circular cross sections. RFP equilibria
in the presence of the conducting e6hell have been
extensively studied by numerical computation,

For times comparable to or longer tiian the shel
diffusion time, plasma equilibrium {s supported by the
equilibrium windings. For this case, the equilibrium
properties of the poloidal fleld system were checked hy
a code that numerically golves the CGrad-Shafranov
equation in the presence of fixed, current carrying
conductors. Code input required the spatial location
of each muagnetizing and equilibrium cofl, the total
current in each coll, and a paloifdel flux function and
pressure profile representative of the predicred ZT-40U
performance,

The code
computat {onk

results are {llustrated in Fig. 3. The

indfeate that winding control led
equilibria are phys.ieally viable for the praposed
polotdal  field ayntem. The equilibrium cotis are
capable  of controlling the planma equiiibrium over the
range of expected planma A (= 0.7 « A8 0.2), Alwo,
total flux wsurface distortion due to the dincrete
magnet fzing and equilibrium windings remained leas than
4% of the minor torofdal radius.

Gotl Cromsectton, Turnm, Minimum Error Fi.1d

For the magnetizing windinge, eight cofl proupa of
twenty turtis each are smelected to provide 10 volt
necondn  to the plasma with a 29-millinecond risetime,
The total 10.8 MA turne  are  divided by the current
denwity wvalue ol 30 MA/m? to mvrive at the requ red
copper area of 27,6 em? (3.5 in?), A current densfty
between 2910 MA/m?  achieves a balance between total
enerpy comt, pernifasible temperature rise and copper
cont . fhe renulting terminal current i 67.% kA, The
average copper croun wect fon nesded for one  polotdal
cotl  tarn wan  fonnd 1o be 0,67 tn?/turn based on the
average coupling currvent of 1% kA/turn, and a  currvent
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Fig. 3. The equilibrium poloidal flux contourz. The
(x,*) denote the position of the (geometric,
magnetic) axis, respectively.

density of 35 MA/m?. The dimensions of the copper
conductor are a function of tht c¢oll winding sequence,
the space allocated by the structural lavout, and the
insulation requirements.

Cowputer aided design was used to develop -

a) The most effective placement of crossover segments
in the winding sequence for minimum field error,
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b) The location of the curreat center along the X,Y,Z
axis and tilt angle.

The number of turns per coil is detrruined by a
balance between risetime and the maximue allowable
voltage for turn-to~turn coill insulation. For low
energy consumption and high flux coupling, 1t 18
desirable to have the coils as close as possible to the
plasma, but positioning the coils further away from the
plasma reduces the magnetic field error. Computer
codes were developed to predict a reasonable coll
configuration resulting Jn a low field error. (See
Table 1)

Coil Stresses & Cooling

The combined principal stresses due to hoop and
bending for every coll configuration are calculated and
compiled by computer code. The program takes into
account the parameters of width, depth, and locatior of
each coil, the length between supports, and the current
to be carried by each coil. The magnetizing currert
force vector is directed toward the plasma, and because
the thermal s:ress in some instances is additive, {t

becomes desirable to 1limit the combined hoop and
bending stress to 12,000 psi. Choosing 1/4 hard,
Ch~104 copper with an ult.mate stress of 30,000 psi

allows a design stress of 15,000 psi and provides a
thermal stress margin of 3,000 psi.

Hoop and shear stresses were determined for each
of the magnet systems by investigating the superimposed
effects of hoop bending and thermal stresses under
specified support concitions.

a) The hoop stress, caused by the magnetic
pressure from the axial magnetic fields, was ralculated
by using the nurmal thin shell approximation:

PD
ST
where!
2 2
wol
P = magnetic pressure = [ ——) = 2 ..
8 ¥ { 0J i

Newtons/meter? 2y
S = hoop slress
h o= coll mean diamever |
t = coll thickness
¥ =« magnetic field at coil bore .

b) The Dbending shear gtress between supports,

caused by vertical magnetic fields, and the welight of
the colls is determined by:

where  1/7¢ = the sect ton modulus of the conductor cross
wection, and M e the bending moment; a function of
length between supporte.

TABLE |

MINIMUM MAGNETIC ERROR FIELD AT VACUUM CHAMBER

Angle B R. B, B, B,

1800 1268 0.736FK-04 1258 -0.1367E-03 1264
193.0 1297 6.9 -104.6 106.4 -76.6
216.0 1360 -128.4 -40.4 128.4 43.3
2340 1362 1267 48.9 33.6 131.0
254.0 1348 -69.3 120.0 -36.8 33.4
270.0 136.1 33.3 131.9 -131.3 -33.4
28B.0 1387 106.6 85.2 -48.0 -126.7
J06.0 1316 131.3 H.6 70.2 1113
3240 128.3 111.3 -84.9 128.6 -13.8
3440 130.4 62.6 -114.4 94.8 8u.h

360.0 1310 0.2002E.03 1316 0.3234E-03 131.6

A computer code was developed to arrive at the
actual combined hcop and bending stresses under
conditions w'ich satisfied the placement of the coils
and the structural design of the support frames. (See

Table 1I)

c) The compressive stresses which
structural restraintc as a result of thermal expansion
vere evaluated, and their values superimposed on hoop
and shear atresses. Since the temperature rise is a
function of the time duration of the pulse, it is
instructive to determine the thermal stress in the
restrained direction caused by heat {input to the
system, assuming an adiabatic system:

pJ2t
(UoC-)Y '
ST = thermal stress = E a 4T ,

EapJ2
Yecoy

occur at

Temperature rise = AT =

Thermal strees/time = 8/t =

’
where:

= Young’s modulus,

= Coefficient of expansion |,
= resistivity ,

= current density ,

U.C. = gpecific heat ,

Y = density .

Lo g M

In a8 typical case the current density in a copper
conductor might be 20 MA/m2., If this flows for five
seconds, the temperature riee would be 15.5°C
(3.1°c/s), and the thermal stress in a restrained
section would be 25.3 MPa (3668 psi).

d) In considering the ccoling of the conductor, it
is important to note that a balance must be achieved
between the temp’ rature rise of the copper and the
cooling water, and that this be done over the length of
the cooling path, A modiiied version of the Princeton
"Kencool" program calculates (AT) values under pulse
conditions for given values of inlet water and coolant
hole; copper length and area; equivalent square wave
end repetition cycle; and current (kA/turn) and flow
rate. The code calculates temperatures of copper and
water for approximately one hour of operation until the
temperature values converge. For the magnetizing
windings, the equivalent square wave equals 4.2 Bec,
and the duration of the repetition rate equals 300 sec,
(See Table 111)

e) Interlaminar shear was calculated assuming that
the copper and insulation dare well bonded, and
therefore the composite of copper and {nsulation would
have to expand as a unit. On that basis, an average
coefficiet of expansion was calculated fur the
composite, To find the differential strain between
copper and insulation, {t was necessary to compute
sneparately the virtual thermal expansion of every
component: the composite member, the copper, and the
{naulation, each without reatrafunt, and then solve for
the force which acte on the btonded interface between

TABLE 11

COMBINED HOOP AND BENDING STRESSES IN THE COlL
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TABLE II1

COIL COPPER AND COOLING WATER TEMPERATURE GRADIENTS

START

TIME= 605 068 SECONDS
CONDUCTOR TEMPERATURE
468 570 541 582 62}

RES (MILLIOHMS) 0.396

TRANSIENT COOL PROGRAM

Inlet Water 268 000 Degrees C

TIME= 896 526 SECONDS
SQIN O R IEQ@  CONDUCTOR TEMPERATURE
3518 0151 82135 4300 271 303 6391 437

TIME WATER TEMPERATURE
g:(’: TIME  GPM :‘_lr NFL 542 2hk 291 330 374
30000 3800 150000 & RES (MILLIOHMS) 0369
VIFT §)  PL VISECH CCC CCW FI} 1SH
T4 2017) 19748 10 344
TIME: 17 526 SECONDS

FRACT  "TFQ  TT M CONDUCTOR TEMPERATURE.

-5 260 0764 4034 271 304 350 397 4R

WATER TEMPERATURF.
232 258 292 333 380

co,ver and insulation in the form of shear. The
resulting stress, which i{s equivalent to the force over
the “onding surface, has in each case been 1less than
the allowable value of 20.7 MPa (3000 p.i) documented
by experimental data from various sou..es.

The Upper Structure

The upper structure consists of beams, columns and
plates which support the weight and forces of the
magnetizing coils and also the access platform. The
structure s composed of twelve modular ple-shaped

sections bolted together at assembly. Figure 5
iilustrates one of the 30° modular sections. The
bulkhead~pedestal structure supports the vacuum shell

and the poloidal and toroidal coils. The s.ructure is
sectioned to allow access, assembly, And removal of the
coils and other components.

Because o: the complexitv of the upper structure
and the number of interacting forces, a finite el-uent
analys.s  was initiated te confirm setresses and
deflections in the fiberglass frame. Only one of

twelve bulkhead frares (or the equivalent of a 30°
[
Mpe 5 Crommectional view ot  strucwure, liner and

caofl positionr.

segment of the support structure) needed to be
considerz1 by the computer model, because all the loads

are repetitive and axi~symmetric about the torus
centerline,
The Loads

The loads used in the analysis were based on full
current in sall the field coils, the 160,000 lbs. weight
of all the components, vacuum on the liner and the
toroidal coil centering force and toppling moment,
Loads due to the thermal expansion of the coils were
not considered, and the colls were modeled as
rectangular copper sections withou:c giving structural
credit to the epoxy-fiberglars insuiation. Weight
effects of structural members and the direction of
gravity acceleration were included 1in the analysis.
The maximum magnetic forces on the magnetizing colls
are given in Table 1V The magnitude and direction of
the magnetizing coll vectors form a major part of the
loading in the finite element model.

TABLE 1V
NORMAL FORCES ON MAGNETIZING COILS AT PEAK CPARGE
(I = 136 kA)

° F/1
Cotl No. Degrees (1b/4in.)
Ml -6 9,070
M2 =25 10,960
M3 -9 8,960
M4 -38 5,330
M5 -22 3,530
M6 -22 2,960
M7 -64 2,470
M8 -67 560
M -9] 340
M10 ~148 230

Boundary Conditions and Method of Analysis

The base of the upper support 1rame was thought of
as being fixed at the inver and outer radii. At these
locations, tne frame is attached to another platform,
which {4 turn {r fastened to the concrete flour below.
The nodes on the * 15° planes of Rymmet ry were
considered to be restrained from translating normal to
the jlanc, and from retating in the plance of symmetry.

The jo nts in the frame (beams columns  and plates)
were agsumed to be rig!d. The fiberglass plate
material was construed to be isotropic in plance.

Linear theory was deemed appropriate. The finfte
clewent inear theory program reduces the stractural
components into amall clementw. A closed-form solurion
is performed on these elements to evaluate thelr
structurc]l properties cr stiffnesas. The stiftness of
the e tire structure {s then modeled by assembling the
atiffnesses of all the elements into a sti{ffness matrix
for the structure,. The displacements of the overall

structure can be computed by using the
forcen and by applying matrix algebra,

appropriate

Deatgn Newcription

Streanea resulting from the finfte clement code
appear to be {n good agrerment with {ndependent
calculationn, and the deforaed meg* rendered a clear
critique of tle original design, calling tor tnereaned
moment  of fuertia for sone of the rtructural members,
The results of the model are zhown and wummarized {n
Fig., 6 and Table 5. The largest deflectton, 0.3
inchen, occurm in the upper corner of  the structure,
and {s attributed to the welght and cotll forces of the
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Fig., 6. Scaled-up Defle~tiou of Finite Element Model.

TABLE V

DEFLECTION & STRESSES FROM THE FINITE ELEMENT ANALYSIS

MATERIAL PROPERTIES
Mntenal Young’'s Poisson's Demity Tensile
Modulus Ratio  (1lbsin’) Strength
(10 psb (kai)
G-10 (plates) 2.0 0.25 0.065 50
Extren (beams) 2.0 0.25 0.065 25
Corper (cuiis) 17.0 0.33 0.320 30 (yield)
Aluminum torus) 10.5 0.30 0.097 30 (yield)
UPPER SUPPORT STRUCTURE RES!ILTS
Region Defl. Stress Matenal
Descnption
Top of frame 0.3 in. vert, Fiber glass
Qutaide »f frame 0.2 in. horiz Fiher glass
Frame bulkhead 0.25 in. vert, Fiber glane
interference
Inside of frame 13 kei (Beam) Extren
Innide of frame 11 ko1 (plate) G 1)
Torus bulkhend 2 kai (Plate) G-10
attachment
Torus 7 kas /Plate) Aluminum
Maynetizing coiln 16 kai (Plate) Copper
8 and 18
Magnetizing coil B 0.33 1n. vert, Copper
magnet {zing windings. A redesign will minimire

detormations by

a) increaging beam depth,

b)Y splice connecting G-10 plates {nto one continuous
structure,

) aaulng deep crosnection gussets in the corners ¢

the upper frume.
The 360" cage type miructure created by counecting all
of the iramea with all of the bulkheadn and the
toroldal mheil (Fig 7) wtll fprovide added rigidity
nevded to nchicve mintmum def lection,

{1)

{2]

(3]

[4]

[5]

(6]

(7]

18]

(9]

[10] K. E. Wakefield,

Pig. 7.
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